We investigate the production of the weak bosons W + , W − and Z at the LHC as a function of their rapidity, reconstructed experimentally from their leptonic decay. We show that the measurements provide a powerful tool for constraining the parton distribution functions, as was already the case for the lower energy pp collider data. We study the charge asymmetry determining the u and d distribution functions using the reconstructed W + , W − rapidities. We also show how the ratio of the W and Z boson rapidity distributions directly probes the charm quark distribution function of the proton.
I. INTRODUCTION
resulting in a different pattern of rapidity distributions and charge asymmetry compared to pp collisions. Thus, using the charge asymmetry and the ratio of the W and Z boson rapidity distributions, we will eventually show how the LHC data, unlike the lower energy Tevatron data, directly probe u(x)/d(x) and the charm quark distribution function, respectively. This paper is organized as follows. In the following section, we introduce the schematic formalism and show the rapidity distributions of W ± and Z bosons at the full NNLO in QCD. In Section III, we present the method to reconstruct the W + and W − rapidity experimentally, and investigate the charge asymmetry of the reconstructed rapidity distributions to probe the u(x), d(x) PDFs. In Section IV, we demonstrate the sensitivity of the charm quark PDF to the ratio of the rapidity dependence of the W and Z cross section. Finally, in Section V, we summarize our results.
II. RAPIDITY DISTRIBUTIONS OF THE DIFFERENTIAL CROSS SECTIONS
The general expression for the cross sections for W, Z production is given by
where the partonic scattering cross section isσ ab→W/Z . In Eq. 1, x a(b) are the momentum fractions carried by the partons a(b) in the colliding hadrons A(B), and f a/A (x a , Q 2 ) and f b/B (x b , Q 2 ) are the PDFs of a and b, respectively. The scale Q is referred to as the factorization scale, µ F , and it is set to be the mass of the produced boson, µ F = M W/Z . and the sea-sea (dot-dashed) interactions are also shown as function of energy.
In Fig. 1 , we have calculated the cross sections for inclusive W and Z production up to the NNLO. In evaluating the cross sections, we use the program in the VRAP [19] package, which provides the rapidity distributions of W and Z bosons through the NNLO in QCD.
For the PDFs, we use the NNLO set of MSTW2008 PDFs.
The total cross section for W + production is different from that for W − production while they are identical in pp collision. The separate contributions from the valence-sea and sea-sea quark interactions are also included. There is no contribution from valence-valence quark interactions for pp collisions up to the NLO, and its contribution at the NNLO is small enough to be neglected. Therefore, the role of the sea quarks is enhanced for pp collisions and, as energy increases, the sea quark contributions become increasingly important. They are responsible for the increased production of W − and Z relative to W + .
In addition to the total cross section, we are here particularly interested in the differential cross sections as a function of rapidity that sample the momentum fractions of the partons and are therefore optimal for constraining the PDFs. Therefore, here we show the differential cross section for W and Z boson production at leading order (LO), for the simplified schematic purpose, in pp collisions as,
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where
Here G F is the Fermi coupling constant, and |V ij | are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. The parton momentum fractions, x 1 and x 2 are related to rapidity
Y by
where 
GeV −2 , and sin 2 θ W = 0.23 [31] . As for the total cross sections, the factorization scale and the renormalization scale are set to be the mass of the W/Z boson,
Please note that at the NNLO the initial gluon as well as the heavy quark flavors PDFs also contribute to W and Z production. For the numerical evaluation, we have included gluons as well as all flavors up to b-quark. For the PDFs, the CTEQ6.6 is the fit for NLO, while MSTW2008 provides the NNLO PDF set, therefore, we compute the rapidity distributions of the W and Z boson differential cross sections, by using the VRAP program [19] , up to the NLO for CTEQ6.6 PDF set, and to the NNLO for MSTW2008 PDFs. 
The charge asymmetry in pp collision can be approximated in terms of the u and d quark distributions as
where the weight ω 1 and ω 2 are
In Eq. 7 we made the approximation thatū(x) =d(x). As noted before, the b quark interactions contribute a negligible amount as a result of the very small values of the CKM matrix elements 1 . The weights ω 1 and ω 2 are shown in Fig. 3 as a function of W rapidity.
Note that ω 1 and ω 2 both approach the value of 0.5 when Y = 0, i.e. x 1 = x 2 . Also, ω 1 approaches 1 (0) for large positive (negative) rapidity, while ω 2 approaches 1 (0) for large negative (positive) rapidity. 1 We can perfectly neglect the c quark contribution to the numerator of A(Y ); however, in the denominator there are terms from cs andcs which cannot be ignored; they change the normalization. We use the original definitions, Eqs. (6) and (14), for our numerical presentation. The expression corresponding to Eq. 7 for pp collisions is given by [20] A
The multiplication factor has a value of 0.91 in the central region [20] , in contrast with a 
with S(x) =ū(x) =d(x), where x = M W / √ s, while A(Y = 0)=0 in pp collisions. This difference makes the determination of u/d much useful by using pp data.
Inclusively produced weak bosons decay to leptons, W → lν l and Z → ll, and the rapidity Y W,Z are reconstructed from the energy (E l ) and the longitudinal momentum (p l,L )
of the secondary leptons. The rapidity of the Z boson can be fully reconstructed from the measurement of its decay products. In contrast, the W rapidity cannot be reconstructed because the longitudinal momentum of the neutrino is not measured. We therefore reconstruct the W rapidity from the momentum of the charged lepton and the (indirectly determined) transverse momentum of neutrino [26] . We introduce the definitions
Here M
2
T is the transverse mass of the lepton and neutrino defined as black (solid) for MSTW2008 [29] , and red (dashed) for CTEQ6.6 [32] .
either Y + or Y − as the appropriate observable to study the charge asymmetry. In this paper, we simply take Y − and will present results.
We now redefine the W charge asymmetry A(Y ) in terms of the reconstructed rapidity
The results for the asymmetry following Eq. (14) are presented in Fig. 5 for different sets of PDFs. As for the rapidity distributions in Sec. II, these results are fully calculated up to NLO for CTEQ6.6 and NNLO for MSTW2008 PDF sets, including gluon contributions. As shown in the figure, the results of the W charge asymmetry with CTEQ6.6 and MSTW2008
PDFs have a substantial difference: the difference at the central rapidity is 22 % at √ s = 7
TeV and 23 % at √ s = 14 TeV. This difference is reduced to 3 % and 1 % at Y = 3 for the energy of √ s = 7 TeV and 14 TeV, respectively.
We also note that the charge asymmetry for √ s = 14 TeV is smaller than the results for √ s = 7 TeV at the same rapidity. At higher energies, the accessible momentum fraction, x, becomes lower. At the low x region, the values of u and d quark distributions, are increased while the difference between u(x) and d(x) are reduced. Therefore, the W charge asymmetry decreases as the collision energy increases.
In addition, although we do not present in the figure, we evaluated the LO charge asymmetry with the consistent PDF set of MSTW2008 [29] , namely MSTW2008-LO PDFs. At √ s = 7 TeV, the difference between the NNLO and LO charge asymmetry is about 12 % at the central rapidity, and it decreases with the rapidity up to Y ∼ 2. At the large rapidities, Y > ∼ 2, the NNLO results have difference 0 % -4 % from the LO results. On the other hand, at √ s = 14 TeV, the NNLO charge asymmetry to the LO result has about 3 % difference at the zero rapidity, and their differences for whole rapidities range from 0 % to 5 %.
IV. CHARM QUARK DISTRIBUTIONS OF THE PROTON
Next, we will focus on the charm quark distributions in the proton. At LO, the charm quark contributions are from the interactions of cs, cd and cb (cs,cd andcb) for
and of cc for Z. As already mentioned in Sec. II, for W production the terms proportional to |V cd | 2 and |V cb | 2 are quite small, therefore the dominant subprocess is cs (sc) for W In Fig. 6 , we present the rapidity distributions of W ± and Z production with and without the charm PDF, evaluated completely at the full NNLO using the VRAP program. Thus, the shaded area displays the charm quark contributions to the rapidity distributions of the total weak boson cross section. This charm contribution dominates in the central region and is quite large as much as 27% to W + , 29% to W − , and 6% to Z production cross sections at √ s = 7 TeV. At 14 TeV its influence increases to 34%, 36%, and 8%, respectively. Therefore, it is important to constrain the charm quark distribution in the proton more precisely.
The charm structure function has been examined with the charm production cross section data in deep inelastic scattering (DIS) processes at the HERA [43, 44] . Ref. [44] suggested the ratio of F cc L and F cc 2 to extract the charm structure functions from the reduced cross section. In this paper, we will investigate the charm PDF using the ratio of the W and Z differential rapidity distributions.
First, we define the quantity B(Y ), introduced in Ref. [26] for pp collisions, in terms of the experimentally reconstructed rapidity Y − as
We In Fig. 7 we show B(Y ) for the different PDFs, CTEQ6.6 and MSTW2008, using the charm distribution in each PDF set. For the CTEQ6.6 PDFs, the B(Y) has the value of ∼ 2.95 at |Y | = 0 for both √ s = 7 and 14 TeV. The B(Y) quantity decreases as the rapidity increases, and from a certain value of high rapidity, it goes to the infinity due to the small production of Z boson. For the MSTW2008 PDF set, the values of B(Y) at low rapidity are slightly higher than the results for the CTEQ6.6 PDFs, but its behavior for whole rapidity region is the same as that for CTEQ6.6 PDFs. The effect of the cut on the transverse momentum, P T , is also included. Here, we select P T > 35 GeV as introduced in the recent CMS measurement of charge asymmetry [42] . The results with this P T -cut applied are reduced approximately to 2.4 for |Y | < 2 at √ s = 7 TeV, and 2.3 -2.4 for |Y | < 3 at √ s = 14 TeV for both CTEQ and MSTW PDFs. are displayed with the results evaluated with P T > 35 GeV. As in Fig. 5 , the MSTW2008 [29] results are shown in black solid curves and CTEQ6.6 PDF [32] as red-dashed lines.
In Fig. 8 , B(Y ), given by Eq. (15), is shown for the several values of the charm contribution parameter ǫ, which is defined as
No cut on the transverse momentum P T is applied. The ǫ = 0 is the case that there is no charm in the proton, and if the charm contribution is the same as the average of the main sea quarks, (ū(x) +d(x))/2, the parameter ǫ is 1. Because the charm is a heavy quark, the charm density would not exceedū(x) andd(x), thus, we can probe ǫ from 0 to 1. The relative charm contribution ǫ can be found from the measurement of B(Y ). The result of B(Y ) evaluated with the charm structure functions parameterized in the CTEQ6.6 and the MSTW2008 PDFs is presented with the red-solid curve. As shown in the figure, the value of ǫ is between 0.5 -0.75 for both PDF sets.
We also calculate the ratio of the integrated cross sections, B(ǫ), which is given by
The result is displayed in Fig. 9 as function of ǫ for several cut-offs on the rapidity, |Y | ≤ cutoff of |Y | < 1 is 2.95 for CTEQ6.6 [32] and 3.00 for MSTW2008 PDFs [29] at √ s = 7
TeV. At √ s = 14 TeV, it has the value of 2.92 for CTEQ6.6 and 2.95 for MSTW2008 PDFs for |Y | < 2. These values yield ǫ 0.64 to 0.62 at √ s = 7 TeV, and 0.68 to 0.63 at 14 TeV for the CTEQ6.6 and MSTW2008 PDF sets, respectively.
V. SUMMARY AND CONCLUSIONS
In this paper, using the sample PDFs, we have examined the charge asymmetry A(Y ) for We also studied the charm contribution ǫ = 2c(x)/(ū(x) +d(x)) to B(Y ) and B(ǫ). The CTEQ6.6 [32] and MSTW2008 PDF [29] sets indicate a value of ǫ of about 0.6 for √ s = 7
TeV, and 0.6 -0.7 for 14 TeV. The measurement of the rapidity distributions of W/Z (or B(Y )) interpreted in terms of B(Y ) and B(ǫ) will lead to a straightforward determination of the charm quark component of the sea quarks at the LHC.
